Paleosols are an important tool in the paleoclimatic and paleoenvironmental interpretation of continental deposits and can provide a high-resolution proxy for paleoclimate. Results from geochemical climofunctions applied to Early Miocene strata exposed in the Ebro Basin, Spain, demonstrate that mean annual precipitation was the dominant control on paleosol type and indicate that the paleoclimate was considerably wetter during the Early Miocene, by up to 1150 mm yr
Introduction
Paleosols are an effective and underused proxy for paleoclimatic interpretation, and their use, particularly when there is a dearth of other proxies, can provide quantitative and detailed paleoclimatic information. By using a combination of detailed outcrop studies and geochemical analyses, this article describes paleoclimatic trends within the Early Miocene that are preserved in distal fluvial deposits within the Huesca Fluvial Distributary System, Ebro Basin in northern Spain ( fig. 1 ).
Paleoenvironmental and paleoclimatic data for the Early Miocene of the Ebro Basin are limited. Studies of Late Oligocene fluvial and lacustrine deposits of the Calf and Mequinenza sequences, which form part of a separate fluvial system found in the southeastern Ebro Basin, have suggested an arid to semiarid climate, based on sedimentary and paleobiological observations (e.g., Cabrera et al. 2002) . Similarly, micromammal biostratigraphy based on faunal composition has provided some low-resolution paleoclimatic information within Manuscript received October 16, 2006; accepted January 26, 2007. 1 Author for correspondence. 2 E-mail: n.sheldon@gl.rhul.ac.uk. 3 E-mail: g.nichols@gl.rhul.ac.uk. the Huesca system that suggests decreasing temperatures and increasing aridity from the Late Oligocene to the Middle-Late Miocene (Á lvarez Sierra et al. 1990 ). Field observations made by Nichols and Hirst (1998) conversely infer a relatively humid climate during the Late Oligocene-Early Miocene of the Huesca Fluvial Distributary System, which was not found during this study. However, this conclusion is based on the absence of calcrete profiles and, ambiguously, on the identification of Vertisol-like paleosols, which have shown to be absent from sections studied (Hamer et al. 2007) . A decrease in aridity is suggested from studies within lake deposits of the central Ebro Basin during the Early to Middle Miocene (e.g., Arenas and Pardo 2000) . A dearth of organics and pedogenic carbonates has meant that paleoclimatic interpretations of Late Oligocene-Early Miocene clastic sediments within the Ebro Basin have been based on field observations alone or are of low temporal resolution (e.g., Á lvarez Sierra et al. 1990; Nichols and Hirst 1998; Cabrera et al. 2002) . This article provides a new, higher-resolution proxy that refines previous interpretations of the terrestrial paleoclimate record of the Ebro Basin and highlights the importance Figure 1 . Field map and summary stratigraphy. The map is modified after Nichols and Hirst (1998) . Stratigraphy is based on previous work Pé rez-Rivaré s et al. 2002) . Temperature values are calculated from d
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O of benthic marine foraminifera and use a five-point running mean (Zachos et al. 2001). of paleosols as paleoclimatic indicators when other proxies are absent.
Geological Setting and Paleogeography
The Ebro Basin ( fig. 1 ) is situated on the northeastern part of the Iberian Peninsula and occupies an area of more than 45,000 km 2 (Puigdefà bregas et al. 1992) . Paleomagnetic data and palinspastic plate reconstructions indicate that the Ebro Basin had a paleolatitude slightly south (37ЊN) of its present latitude (40ЊN; Van der Voo 1993; Barberà et al. 2001) . Fluvial systems that prograded into a central ephemeral lake ( fig. 1 ) were identified by Hirst and Nichols (1986) and separated into the Luna and Huesca distributary systems. The central lake was generally only a few meters deep and never exceeded 15 m in depth (Cabrera et al. 2002) . It underwent numerous retreats and expansions, which resulted in lake incursions over the alluvial plain, covering distances of more than 15 km (Cabrera et al. 2002) . Alluvial mudstones and sandstones of the Huesca Distributary System are exposed at Sigena and are part of the Sariñ ena Formation (Quirantes 1978; Arenas et al. 1997 Arenas et al. , 2001 ). Absolute age control is provided by a combination of paleomagnetic and biostratigraphic data. The stratigraphic position was determined using previous magnetostratigraphic studies in the Sigena area (Albalatillo section) by Pé rez-Rivaré s et al. (2002) in concert with identification of mammal zones by Agustí et al. (2001) . The age was further constrained by assuming an average bulk sedimentation rate of 10.7 cm ka Ϫ1 from an overlying marker bed. The sedimentation rate was calculated from magnetic reversals in alluvial successions in the study area (Pé rezRivaré s et al. 2002), but it should be noted that floodplain sedimentation rates are commonly variable and the assigned sedimentation rate may be erroneous. Paleosols are identified within the Huesca Fluvial Distributary System interbedded with and overprinting channel, overbank, and lacustrine sediments.
Methods
A 28-m stratigraphic section was measured within the distal parts of the Huesca Fluvial Distributary System ( fig. 2 ). Paleosols in this section were excavated to a depth of 30 cm to provide a fresh surface for description and sampling. Samples were collected from Bt (argillic) and Bw (colored) horizons. Paleosols ( ) were classified into pen p 44 dotypes based on field observations including horizon thickness, bedding, and Munsell color from dry samples (Retallack 2001) . Paleosol characteristics are comparable to those of modern soils and therefore, using the U.S. Department of Agriculture taxonomic system (Soil Survey Staff 1999), can be classified as Entisol-like, Inceptisol-like, and Alfisol-like (table 1) .
The top of paleosol profiles was defined as the surface from which root traces emanate, and the base was defined by the first occurrence of unaltered parent material. Paleosol thickness ranged from 0.3 to 1.25 m. Geochemical analysis for major elements, using powered whole-rock samples obtained from Bt and Bw horizons, was undertaken using an x-ray fluorescence spectrometer (Philips PW 1480) at Royal Holloway, University of London; results were collated as supplemental data.
Paleoclimatic Reconstruction
Despite an abundance of detrital carbonate within the paleosols studied, there is no indication of pedogenically formed carbonate (Nichols and Hirst 1998) . Pedogenic carbonate is absent from soils receiving more than 760 mm yr Ϫ1 precipitation (Royer 1999) ; however, this value varies with local evapotranspiration and seasonality (Royer 1999; Retallack 2000) . Where pedogenic carbonate is absent, comparisons using the indices of weathering of modern soils and their precipitation regimes can be applied (Sheldon et al. 2002; Sheldon 2003 ; results obtained with this method are consistent with independent estimates from other proxies, such as plant fossils (Sheldon et al. 2002; Sheldon and Retallack 2004) . There is no field evidence to suggest that the MAP was out of this range (Sheldon et al. 2002) .
Mean annual temperature (MAT) can be related to salinization for paleosols (Retallack 2001; Sheldon et al. 2002) :
where and , with 2 S p (mK ϩ mNa)/mAl R p 0.37 a standard error of ‫4.4ע‬ЊC. The error on this is substantial, and a more precise estimation for MAT can be derived for the Inceptisol-like paleosols with the following equation:
where and , with an error 2 C p mAl/mSi R p 0.96 of ‫6.0ע‬ЊC (Sheldon 2006) .
Reconstructed paleoclimate results indicate that during the early Miocene, the climate for the majority of the time was considerably wetter than the modern climate ( fig. 3D ). The modern climate of the Ebro Basin is Mediterranean continental with semiarid characteristics (Sirvent et al. 1997 ). Current MAP within the Ebro Basin is 320 mm yr Ϫ1 , and the MAT is 14ЊC, with a seasonal range from 25ЊC in July to 4ЊC in January (Sirvent et al. 1997 ). However, SD p 0.6ЊC the error with the application of equation (2) is sub- stantial and overlaps with values obtained from Inceptisol-like paleosols, suggesting minimal variation in MAT, both temporally and between the formation of Inceptisol-like and Alfisol-like paleosols. The more robust climofunction for Inceptisollike paleosols gives an overall slightly higher average MAT value (13.4ЊC) in comparison to the climofunction for Alfisol-like paleosols (11.7ЊC); this may be a reflection of the preferential development of Inceptisol soils during hot, more arid times, or it may be a result of the error within the climofunctions themselves.
Discussion
Paleosol Development and Climate. Based on field observations of paleosol type and Kö ppen's climate classification, the environment changed during the Early Miocene from a semiarid herbaceous environment to a midlatitude deciduous open forest. During the ∼300-ka period studied, there appears to be an ∼100-ka cyclicity linked to lake incursions and paleosol development, with a general overall trend toward increased paleosol maturity up the section, changing from Inceptisol-like paleosols to Alfisol-like paleosols ( fig. 2) . It was found that variations in MAP appear to result in differentiation between Inceptisol-like and Alfisol-like paleosols ( fig. 4C ). This is unsurprising because the MAP climofunction used is dependent on the , CIA Ϫ K which is a measure of the degree of weathering within a soil (Maynard 1992) , and modern Alfisols represent heavier weathering than Inceptisols (Soil Survey Staff 1999 ). An obvious control on the degree of chemical weathering, and one that would ultimately have an effect on calculated MAP val- ues, is the time taken for soil formation ( fig. 4A,  4B ), because the effects of lower MAP over a long formation time could be indistinguishable from the effects of high MAP over a short period of time. However, it is possible to show that both MAP and MAT are independent of this by applying a chronofunction based on data of Markewich et al. (1990; fig. 4A, 4B) , which relates the thickness of the Bt horizon to the formation time:
Formation time (yr) p 2 17.7(Bt thickness) ϩ 645.8(Bt thickness), (4) where (e.g., Sheldon 2003) . Therefore, be-2 R p 0.87 cause MAT is little changed (fig. 4C ), the dominant control on soil formation appears to be precipitation and not parent material, soil organisms, topography, or time, which were all unchanged (Hamer et al. 2007 ).
Global Implications.
The general consensus among researchers is that the Miocene was a time of relative global warmth and aridity interspersed with short-lived glaciations and that warm conditions peaked at the Middle Miocene climatic optimum (e.g., Zachos et al. 2001) . The results from this study show a greater magnitude in relative MAP within the Ebro Basin compared to similar paleosol data from Oregon compiled by Retallack (2004) for the Early Miocene. This suggests that MAP was affected predominantly by regional rather than global climatic factors; larger variations can be seen relative to the mean at Sigena, in comparison to Oregon (fig. 5 ). Regional variations in paleoclimate are also seen near the Alps; paleofloristic data indicate a humid climate south of the Alps during the early Miocene and, conversely, a more arid climate in the northern Alps (Berger 1992 fig. 1 ; Zachos et al. 2001 ). This is not reflected in the paleosol record from the Ebro Basin or the Oregon data produced by Retallack (2004) , which show values similar to the modern MAT. This disparity between the continental and oceanic records of paleotemperature could be attributed to changes in terrestrial ice volume and oceanic salinity (Zachos et al. 2001) .
The data presented here suggest that the idea of global aridity and increased temperatures during the Early Miocene, relative to modern conditions, is a misconception and cannot be applied universally. Furthermore, the MAP estimates discussed here also suggest that the Ebro Basin had a highly variable water regime (including humid and subhumid intervals) and that previous work within the Ebro Basin, based on sedimentological observations describing the climate as permanently arid-semiarid (e.g. Cabrera et al. 2002) or subhumid (e.g., Nichols and Hirst 1998) can now be quantitatively confirmed.
Conclusions
Mean annual temperature comparisons between Oregon and the Ebro Basin during the Early Miocene suggest that, in both locations, paleotemperatures were similar to modern values and unchanging in contrast to deep-sea records. High MAP values relative to modern MAP are also comparable between Oregon and the Ebro Basin and were found to be the primary control on paleosol type at Sigena; these values differ significantly from previous interpretations of paleoprecipitation within the Ebro Basin. Given that the resolution of the Sigena data is significantly higher than that of the published data from Oregon, it is important to note that the Sigena section records climatic fluctuations of more than 700 mm yr Ϫ1 in comparison with the mean, highlighting that regional variations in precipitation can be significant despite a consistent global climatic signal.
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